Boston.
Massachusetts 02115 (Hollengerg et al., 1985; Weinberger et al., 1985; Green et al., 1986; Loosfelt et al., 1986; Weinberger et al., 1986; Arriza et al., 1987; Petkovich et al., 1987; McDonnell et al., 1987) . Correspondingly, the control element sequences that these receptors specifically recognize are also conserved (Von der Ahe et al., 1986; Klock et al., 1987; Strahle et al., 1987 (Benoist et al., 1980; Efstratiadis et al., 1980; McKnight and Tjian, 1986) . Several proteins that specifically recognize CCAAT elements have been described, however, the relationship between these proteins has been difficult to assess (Leegwater et al., 1985; Jones et al., 1985; Graves et al., 1986; Cohen et al., 1986; Hatamochi et al., 1986; Jones et al., 1987; Wu et al., 1987; Dorn et al., 1987; Barberis et al., 1987) . Although these various CCAAT-containing elements appear grossly similar in sequence, recent evidence suggests that different DNAbinding factors are capable of distinguishing between these elements (Dorn et al., 1987; Oikarinen et al., 1987) .
In this paper, we have characterized three related but distinct proteins from human cells which specifically recognize particular subsets of CCAAT elements. Surprisingly, all three of these CCAAT-binding proteins appear to be composed of at least two different subunits.
Results
HeLa Cell Proteins Specifically Bind to Three Different CCAAT Elements The gel electrophoresis DNA-binding assay (Fried and Crothers, 1981; Garner and Revzin, 1981; Carthew et al., 1985) [CB] was added to a standard binding reaction containing 2 kg poly(dl-dC),(dl-dC), and 20,000 cpm of either 0.1 ng of a radiolabeled 74 bp MLP probe (lanes l-5) containmg MLP sequences from -108 to -62, Including the MLP CCAATelement located at -76,0.2 ng of a radiolabeled 90 bp 7.FBG probe (lanes 6-10) containing sequences from -95 to -39. lncludlng the y-FBG CCACT element located at -65, or 0.2 ng of a 77 bp radlolabeled oligonucleotide probe contauvng the NF-I consensus bIndIng site sequence (lanes il-15), which contains sequences correspondmg to +21 to +45 of the left terminus of Ad 2 with a point mutatton at ~28 as described
In Experimental Procedures
Reactions also contalned either no additlonal DNA (lanes 1, 6, 11, and 12) . or a 50.fold molar excess of an unlabeled competltar DNA fragment (lanes 2-5, 7-10. and 13-15 [CB] . Final reaction condltlons were 60 mM KCI, 12% glycerol, 12 mM HEPES-NaOH (pH 7.9), 4 mM Tris-HCI (pH 7.9), 1 mM EDTA, and 1 mM dithlothreltol for MLP bIndIng reacttons (lanes 1-5). for I-FBG bIndIng reactlons (lanes 6-lo), and for the low salt NF-I bindlng reactlon (lane 11) Final reaction conditions were 150 mM KCI, 5 mM MgCI,, 12% glycerol, 12 mM HEPES-NaOH (pH 7.9), 4 mM Trls-HCI (pH 7.9). 1 mM EDTA. and 1 mM dlthiothreltol for the remalning NF-I blndlng reactions ( The sequences of a number of CCAAT elements referred to In the text were alIgned according to the best fit to the boxed CCAAT-element motif RRCCAAT. and grouped by relative affinity for CPl, CPZ. and NF-I, as measured by the gel eiectrophoresis DNA-bindIng assay High. moderate and low afflnltles differ by a factor of at least five The number listed lmmedlately to the left of each sequence indicates the positlo" of the most extreme C of the CCAAT pentanucleotlde relative to the transCrIptlO" lnltlatlon site A consensus bindIng site sequence IS presented for each of the three CCAAT-binding proteins The consensus blndlng site sequences for CPl and CP2 were derived from a" afflnlty-weighted analysis of each of the blndmg sites llsted Consensus sequence posItiOns which have one nucleotide llsted above another (e g A) indicate a preference for the nucleotlde &ted on top. R mdlcates a slmllar preference for A or G. 8. and 14) , or a mixture of 12 1-19 of fraction [AB] (lanes 3-6. 9-12. and 15-18) and either 4 119 ot fraction [CB] (lanes 3, 9, and 15 ). or 4 rtg of DNA-cellulose gradient fraction 8 (lanes 4. 10. and 16). fraction 10 (lanes 5,11, and 17), or fractlon 12 (lanes 6. 12, and 18 Knight et al., 1987; Wu et al , 1987 . Cohen et al., 1986 Dorn et al., 1987) . It is more difficult to establish the relationship of CP2 (Jones et al., 1987) . NF-I is a cellular protein that binds with highaffinity to the adenovirus origin of replication and is required for the initiation of replication (Nagata et al , 1983; Leegwater et al., 1985; Rosenfeld et al., 1987) . CTF has been defined as a cellular DNA-binding protein that speclfically stimulates transcription from the human u-globin promoter, the HSV thymidine kinase promoter, and the human hsp70 promoter by selective recognition of CCAAT elements in these promoters (Jones et al., 1985; Jones et al., 1987; Morgan et al., 1987) . CTF has also been reported to bind to CCAAT elements in the MSV LTR and the human b-globin promoter (Jones et al., 1985; Jones et al., 1987 Myers et al., 1986; Charnay et al., 1985) . Several mutations that affect the transcription efficiency of these promoters do not alter sequences shared with the NF-I consensus sequence (Table  2; Rosenfeld et al., 1987; Leegwater et al., 1985) . Each of these mutations, however, does alter sequences shared with the consensus sequence of CPl (Table 1) 
The sequences of the NF-I brndrng site rn the adenovrrus orrgrn of replrcation, and of the HSV tk and mouse f&globtn CCAAT-contarmng promoter regrons were alrgned accordrng to the best frt to the NF-I motif, GCCAA. Positrve numbers (NF-I) indicate the nucleotrde positron relatrve to the left termrnus of adenovrrus. Negattve numbers (HSV tk, fl-globin) Indicate the nucleotrde posrtron relatrve to the transcrrptron Initiation site Arrows that pornt down represent nucleotrdes that decrease transcrrptron InitratIon when mutated. Arrows that pornt up represent nucleotrdes that Increase transcription rmtratron when mutated to the nucleotrde shown above the arrow Mutatronal analysrs was derived from Graves et al (1986) . Myers et al (1986) . and Charnay et al (1985) The CCAAT-binding proteins CP2 and NF-I showed a two-factor dependence for DNA-binding which was very similar to that exhibited by CPl. Each required the mixing of two fractions in order to reconstitute maximum binding activity.
It is potentially important to note that the two factor binding requirement was not as stringently observed for CP2 and NF-I as it was for CPl. High concentrations of CP2B or NF-IB alone, but not of CPlB alone, were capable of specific DNA-binding (see below Recently, the CCAAT-binding protein CPl was shown to be highly homologous to a yeast CCAAT-binding protein that activates transcription from the Iso-1-cytochrome C (CYCl) promoter (Chodosh et al., 1988) . This yeast protein has been shown by genetic and biochemical analysis to be a multisubunit complex composed of the gene products of the HAP2 and HAP3 loci (Guarente et al., 1984; Pinkham and Guarente, 1985; Olesen et al., 1987; . In fact, the yeast and human CCAAT-binding proteins are so similar that CPlA will functionally substitute for the HAP3 gene product in a specific binding reaction (Chodosh et al., 1988) .
Similarly, CPlB will functionally substitute for the HAP2 gene product in a specific binding reaction (Chodosh et al., 1988 (Kingston et al., 1985) . The cellular proto-oncogene products c-myc and c-fos may function by this mechanism and may therefore be CPlB-like molecules.
Experimental Procedures
Plasmids PlasmId pRMC was prepared by subclonlng a 127 bp EcoRI-Haelll fragment from pLP Into EcoRI-Smal-digested pUC13 pLP, whose constructlon has previously been described (Chodosh et al 1986), contalns Ad 2 MLP sequences from -174 to + 33. The 5' deletlonillnker scanning mutant, pR108-MLP, was prepared by digesting the 161 bp EcoRI-HIndIll fragment of pRMC with Mboll. bluntmg the ends with T4 DNA polymerase, and digesting the resulting Mboll-HIndIll fragment wtth BamHI. The Mboll-BamHI fragment was subcloned into Hlncll-BarnHI-dlgested pRW, a plasmld contalnlng Ad 2 MLP sequences from -51 to +33 whose construction has previously been described (Chodosh et al., 1986) . The resulting plasmid, pAlO%MLP, contains Ad 2 MLP sequences from -108 to ~33, with a hnker-scanning mutation of the MLTF-bmdmg site that replaces sequences from -62 to -53 with a pUC13 polyllnker sequence containing a Bamtil restrlction site. Plasmld pnGBCCAAT contains human cr-globin sequences from -81 to -58, and was prepared by inserting a synthetic ollgonucleotlde of sequence CTAGACTCCGCGCCAGCCAATGAGCGCCGT into the Xbal site of pUC18. Plasmid ptrGBCCAAT-dm IS identical to pnGBCCAAT with the exception that the Inserted ollgonucleotide differs at two positions, and contains the sequence CTAGACTCCGCGCCAGCGAGT-GAGCGCCGT.
PlasmId pyFBG-95, whose construction has previously been described (Chodosh et al., 1987) , contams rat ./-flbrmogen sequences from -95 to +35. The plasmids plD-621-54, plD-65/-54, and plD-74/-54, which were kind gifts from J. Morgan, are Internal deletion mutants of the rat y-FBG promoter and have been described previously (Chodosh et al., 1987; Morgan et al., 1988) . Plasmid pNF-I contains a high-afflnlty NF-I bmdlng site derived by mutatmg a single posltlon of the adenovirus origm of repllcatlon.
This mutant has prevlously been characterized as pUpm28 (Rosenfeld et al., 1987) . pNF-I was constructed by Inserting a synthetic ollgonucleotide of sequence GATCATTTTGGCTTGAAGCCAATATGA into the BamHl site of pUC13 The plasmid pNF-I-dm was prepared identically to pNF-I, with the exception that the inserted oligonucleotlde differed at two positions, and contained the sequence GATCATTTTTGCTTGAAGCAAATATGA.
Plasmid pRlB contains 84 to 100 map units of Ad 5 cloned into the EcoRl site of pBR322 and has been previously described (Fire et al.. 1981 (-95 to -39) . The competitor fragments, ID-62/-54, ID-65/-54, and ID-741-54, were prepared by digesting the plasmid corresponding to each with BstEll and BstXI, and isolating the 122. 119, or 110 bpfragment, respectively(-95 to +35 with Internal deletion of -62 to -54, -65 to -54, or -74 to -54, respectively).
The competrtor fragment, NF-I, was prepared by digesting pNF-I with EcoRl and Hrndlll, and rsola!ing the 77 bp fragment (corresponding to +21 to +45 of the left terminus of Ad 2 with a point mutation at +28). The fragment, NF-I-dm. was prepared by digestrng pNF-I-dm with EcoRl and Hrndlll. and rsolatrng the 77 bp fragment. The fragment, Ad origin, was prepared by digesting pRlB with Smal and EcoRI. and isolating the 580 bp fragment (-329 to +246). The competitor fragment, a-globrn, was prepared by digesting paGBCCAAT with EcoRl and Hrndlll. and rsolatmg the 80 bp fragment (-81 to -58). The competrtorfragment, a-globrn-dm, was prepared by drgesting a-GBCCAAT-dm with EcoRl and Hrndlll, and rsolating the 80 bp fragment. The competitor fragment, H-2K-51, was prepared by digesting pH-2KbA15 with Xhol and EcoRI, and isolating the 335 bp fragment (-65 to +3) The competrtor fragment, H-2K-72, was prepared by digesting pH2KCCAAT-72 with EcoRl and Hindlll, and isolatrng the 81 bp fragment (-90 to -64). The HSV tk competitor fragment was prepared by annealing the gel-purified 31 nucleotrde synthetic oligonucleotrde of sequence CTAGATGTTCGAATTCGCCAATGACAA-GACT to the complementary oligonucleotide CTAGATCTCTTGTCATT-GGCGAATTCGAACAT (-94 to -70). The competrtor fragment, 8.globin, was prepared by digesting p328pUC with BamHl and Hindlll and isolating the 330 bp fragment (-344 to -15) . The competrtor fragment, Vk was prepared by digesting pSPlgVk with EcoRl and Hrndlll, and isolating the 300 bp fragment (-47 to -297) . The competrtor fragment, pUC-18, was prepared by digesting pUC18 plasmid wrth EcoRl and Hindlll, and Isolating the 50 bp polylinker. All fragments were purrfred by agarose gel electrophoresis onto NA-45 as above DNA fragment concentrations were estimated by comparison with E coli DNA digested with Hincll using the ethrdrum bromide dot method (Maniahs et al., 1982) Gel Electrophoresis DNA-Binding Assay Protern-DNA complexes were resolved on low romc strength native polyacrylamide gels as described (Carthew et al , 1985) . with several modrfrcahons.
Protem samples were Incubated wrth approxrmately 20,000 cpm (0.1-0.3 ng) of an end-labeled double-stranded DNA fragment rn the presence of 2.0 ug poly(dl-dC),poly (dl-dC) in a final volume of 10 ~1. lncubahons were carried out at 30°C for lo-30 mm All brndrng reactrons contained 12% glycerol, 12 mM HEPES-NaOH (pH 79) 4 mM Trrs-HCI (pH 7.9), 1 mM EDTA, 0.6 mM dithiothreitol, and 300 Kg/ml bovine serum albumen. In additron, CPl and CP2 binding reactrons contained 60 mM KCI, whereas NF-I bindrng reactrons contarned 150 mM KCI and 5 mM MgCI? except as rndrcated. Followrng electrophore-SIS. gels were drred onto Whatmann 3MM and vrsualrzed by autoradrography on Kodak XAR-5 film
Methylation
Interference Assay The procedure of Srebenlist et al. (1980) was used with several modificatrons. Probes for methylatron interference assays were prepared as above, except that each was uniquely end-labeled.
In order to label the codrng strand, pAlOB-MLP pyFBG, and pNF-I were frrst digested wrth BamHI, EcoRI, and EcoRI, respectively.
In order to label the noncodrng strand, pAlOB-MLP pyFBG, and pNF-I were first digested with Hrndlll. BamHI, and Hindlll, respectrvely.
Digested plasmids were end-labeled with Klenow and erther a-[s'P]dATP or a-[3'P]dCTP Following heat inactrvatron, plasmrds pAl08-MLP pvFBG, and pNF-I labeled on the coding strand were redigested with Hindlll, BamHI. and Hrndlll. respectrvely.
Plasmrds pA108-MLP pvFBG, and pNF-I labeled on the noncoding strand were redrgested with BamHI, EcoRI, and EcoRI, respectively.
Probes were partrally methylated with dimethylsulfate (Maxam and Gilbert, 1980) purrfred, and used as substrate rn a standard brndrng reactron as above, with the exceptron that reactions were scaled up to 50 MI, and contained 200,000 cpm of the appropriate probe rn additron to 10 pg poly ( 
